The studies to be presented are part of a series of investigations on the metabolism of the kidney in renal hypertenison. In a previous paper (1) it was reported that the oxygen consumption of kidney slices and the oxidative deamination of amino acids and amines of slices and of extracts of kidneys from hypertensive dogs were markedly decreased as compared with kidneys from normal dogs. In the present study, an examination has been made of the cytochrome c concentration, the activities of the cytochrome oxidase, and of the succlnic dehydrogenase systems in the kidneys of dogs with renal hypertension. The effect of tissue suspensions and extracts of kidneys from hypertensive dogs and of preparations containing renin on the activities of the respiratory enzymes was also studied?
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Methods
Young dogs weighing 9 to 12 kilos were used for the experiments. Renal hypertension was produced by the clamping procedure of Goldblatt, Lynch, Hanzal, and Sttrnrnerville (2) applied either bilaterally or unilaterally to the left renal artery. The silk perinephritis method of Page (3) was also used both bilaterally and unilaterally. All blood pressure determinations were made on the unanesthetized animals. The blood pressure values for the last 5 days of the hypertensive period were averaged. The blood pressure of the dogs was measured by direct intmarterial puncture of the femoral artery using a No. 20 hypodermic needle connected to a mercury manometer. Normal animals and animals submitted to sham operations served as controls. All food except water was withdrawn for 24 hours before the animals were killed.
Only kidneys which did not show any gross signs of necrosis were used. Histological examinations of the portions of the kidney adjacent to the parts used in these experiments showed no necrosis. All measurements of oxygen consumption were made with the Barcroft-Warburg apparatus. Tissue slices, tissue suspensions, and tissue extracts were used. Slices of cortex, about 0.2 to 0.3 man. thick were taken from the midportion as well as from the poles. The ratio of the wet weight to dry weight was determined separately in a series of slices and the same factor, 4.6, was used throughout in calculating dry weights for the Qot values. Weighed t A preliminary report of this study has appeared in Science, 1944,100, 574. mounts of the cortical tissue were homogenized according to the technique of Potter and Elvehjem (4) in M/30 phosphate buffer of pH 7.4, or in distilled water. Aliquots were tested for the concentration of cytochrome c and also for their cytochrome oxidase and succinic dehydrogenase activities. A final aliquot was dried at 110 o C. and weighed. The measurements were made at pH 7.2 or pH 7.4. The vessels were shaken at a rate of about 130 oscillations per minute in a water bath at 37.4 ° C.
The cytochrome c was prepared from beef hearts by the method of Keilin and I-Iartree (5). The cytochrome-iron content was estimated by the a,a'-dipyridyl method of Hill and Keilin (6) . It was found to represent 0.34 per cent of the total solids.
All the figures given in the tables represent the average of at least three determinations.
Cylochrome c.--The cytochrome c content of the tissues was determined by the manometric method of Stotz (7), and in a number of experiments by the spectrophotometric technique of Potter and DuBois (8) . The results are given in micrograms of cytochrome c per gram of dried tissue.
Cytochrome Oxidase Aaidty.--The rate of the oxidation of p-phenylenediamine or of hydroqninone by the kidney suspensions in the presence of an excess of cytochrome c was used as a measure of the activity of the cytochrome oxidase system. The determination of the cytochrome oxidase activity was carried out according to the procedure as described by Stotz (7) . Into the main compartment of the flasks were placed 1.0 nil. of 0.2 M phosphate buffer of pH 7.2, 0.5 ml. or 1.0 ml. of the tissue suspension, and 1.0 nil. of the cytochrome solution (1 X 10 -4 n~ of cytochrome c per ml.). The side bulb of the flasks contained 0.3 mi. of a 0.2 ~ hydroquinone solution. The vessels contained air in the gas space. Boiled tissue suspensions were used as controls. In some experiments, when hydroquinone was used as a substrate, 0.2 ml. of a 0.15 u solution of semicarhazide hydrocMoride adjusted to pH 7.2 was also added to the reaction mixture (Schultze (9)). The center cup of the flasks contained 0.2 mi. of a 20 per cent potassium hydroxide solution and filter paper. The term --QO~ cytochrome oxidase represents the rate of the reaction expressed in mean microliters of oxygen taken up per hour per miUigram of nitrogen.
The Succinic Dehydrogenase System.--When tissue slices were used the respiration measurements were carried out by the direct method of Waxburg (10) . The rate of the oxidation of succinate by thin slices was determined by the procedure described by Rosenthal (11) . The slices were suspended in bicarbonate-free Ringer solution or Ringer-phosphate solution (Dickens and ~imer (12) ). The values obtained for the rate of the oxidation of succinate were the same for both media. Sodium succinate was tipped in from the side bulb and the final concentration of succinate was 0.04 ~. The reaction mixture, in those experiments in which tissue suspensions were used, consisted of 0.5 ml. or 1.0 ml. of the tissue suspension, succinate in a final concentration of 0.05 M, and cytochrome c in a final concentration of 10 -4 mM. Sufficient phosphate buffer of pH 7.4 was added to make the final concentration M/30 and the final volume 3.0 ml. The experiments were carried out with air in the gas space. The term -Q0~ dehydrogenase represents the rate of the reaction of the entire enzyme complex involved in the aerobic oxidation of succinate (expressed in mean microliters of oxygen taken up per hour per milligram of dried tissue).
The nucleotide-bound phosphorus was determined by the method of Berenblum, Chain, and Heatley (13) with the modification suggested by Rosenthal and Drabkin (14) .
The tissue extracts were prepared by lightly grinding weighed amounts of kidney tissue (cortex and medulla) with purified sand. The suspension was transferred to a graduated test tube and a definite volume of water or ~/30 phosphate buffer, pH 7.4, was added, following which extraction was accomplished by placing in a mechanical shaker for 30 minutes. The extract was then centrifuged and the supernatant liquid used. In some of the experiments this extract was employed without further treatment and in some experiments the extract was dialyzed for 16 hours in cellophane bags against u/50 phosphate buffer of pH 7.4.
Extracts were also made by homogenizing the tissue in phosphate buffer of pH 7.4, or in distilled water and subsequently shaking the mixture and centrifuging. The supernatant fluid was used as the tissue extract.
The renin used in the experiments was prepared according to the method of Helmet and Page (15) . The nitrogen content was between 1.3 and 1.5 mg. per ml. 0.1 mi. of the renin solution produced a 25 to 35 nun. rise in blood pressure when injected intravenously into an unanesthetized dog.
The inhibitory effect of kidney extracts from hypertensive dogs and that of preparations containing renin were tested in two different ways. In the first method the extract was added to the tissue preparation from the normal dog and this mixture was incubated for 30 or 50 minutes at 37.4 ° C. At the end of this time, the substrate was added and the oxygen uptake measured. In the second method, both the extract and the substrate were added simultaneously to the tissue preparation from the normal dog, and the oxygen uptake again measured. In all these experiments the pH was maintained at 7.4. Kidney extracts from normal dogs were used as controls. The per cent inhibition was calculated from the ratio of oxygen uptake of the mixture as compared with the oxygen uptake of the individual components. The methods employed for the determination of the activity of the l-amino acid oxldase and the amine oxidase were the same as described in a previous paper (1).
FINDINGS
The results of these studies are presented as follows:
1. Table I represents all the data on the cytochrome c concentration and the cytochrome oxidase and succinic dehydrogenase activities of kidneys from normal dogs. 2. Table II represents a summary of the data obtained on the cytochrome c content of kidney tissue from dogs with renal hypertension. Perirenal application of silk around both kidneys Perirenal application of silk around both kidneys 3. Table III gives a summary of the data obtainc~ on the activities of the cytochrome oxidase and succinic dehydrogenase systems i,= kidney tissue from hypertensive dogs.
4. The average differences in cytochrome c content and enzyme activities between kidneys of normal dogs and kidneys of hypertensive dogs are given in Table IV . Table VII shows the inhibitory effect of preparations containing renin on the activities of the cytochrome oxidase, the succinic dehydrogenase, the /-amino acid oxidase, and the amine oxidase systems.
In normal dogs of similar size and age, the figures obtained for enzyme activities agreed fairly closely. The results of the spectrophotometric deterruination of cytochrome c were higher than those obtained by the manometric method.
No significant difference in enzyme activity was found between the left and right kidney of normal dogs of similar age and size.
The results reported in Tables I, II , III, and IV show that when the renal artery was partially constricted or the kidney wrapped in silk, the cytochrome c concentration was reduced and the activities of the cytochrome oxidase and the succinic dehydrogenase systems were markedly decreased.
Since the activities of the cytochrome oxidase, the succinic dehydrogelmse, the amino acid oxidase, and the amine oxidase were found markedly lower in the kidneys of the hypertensive dogs, it seemed possible that the lowered activities might be due to a deficiency of the enzymes or carriers responsible for respiration as well as to the presence of inhibitory substances in, the kidney of the hypertensive animal. In testing this possibility, it was found that the respiratory activity of the kidney and liver tissue of the normal dog is markedly inhibited by the presence of kidney extracts from dogs with renal hypertension. Table VI shows that tissue suspensions and extracts of kidneys from hypertensive dogs exert an inhibitory effect on the oxygen consumption of kidney tissue slices and on the cytochrome oxidase, the succinic dehydrogenase, and (Prior to testing, the homogenized tissu¢ suspension from the normal dog was incubated with the tissue suspension or extract from the hypertensive dog or control (normal dog) for 30 or 60 minutes at 37.4 ° C. Inhibition calculated from the rate of oxygen uptake measured in a Warburg apparatus (37.4 ° C.). Incubation time after addition of the substrate 30 or 40 minutes. Duration of hypertension 2 to 6 months. Rise in blood pressure 50 to 80 ram. Hg.)
Five normal and five hypertensive dogs were used in these experiments. * Heated at 100 ° C. for 5 minutes after dialysis. :~ Liver suspension.
the amine oxidase activities. The extracts containing the inhibitor had a more marked effect on suspensions than on slices. This is probably due to a slower diffusion of the inhibitor into the slices. When the dialyzed extracts were boiled for 5 minutes and the coagulated protein filtered off, the filtrate still contained some inhibitory activity. The inhibitory factor or factors occur in both the dialyzable and non-dialyzable fractions of the tissue preparation. Usually the non-dialyzable portion contains more inhibitory substance. The inhibitory effect of preparations containing renin (Table VII) was considerably (Prior to testing, both the homogenized suspension and the renin preparation were incubated together for 1 hour at 37.4 ° C. Inhibition calculated from the rate of oxygen uptake measured in a Warburg apparatus (37.4 ° C., pH 7.4). Incubation time after addition of substrate: 30 or 44) minutes. Five normal dogs were used in these experiments.
* Both the renin solution and the substrate were added at the same time to the tissue suspension. No incubation prior to testing. greater than that of tissue suspensions and extracts of kidneys from hypertensive dogs.
Determined both on a dry and wet weight basis 1 week to 6 months after unilateral nephrectomy, the concentration of cytochrome c, of ttavin-adenine dinucleotide, of nicotinamide-adenine dinucleotides (coenzymes I and II), as well as the activities of the cytochrome oxidase, of the succinic dehydrogenase, and the amine oxidase systems was found to be about 20 to 60 per cent higher in the remaining kidney than in the nephrectomized kidney of the same dog. In unilaterally nephrectomized dogs a marked increase in the activity of the respiratory biocatalysts in the remaining kidney was noted before any demonstmble hypertrophy of the organ occurred, as evidenced by an increase in weight. Also, in dogs rendered hypertensive by unilateral renal arterial constriction, or unilateral silk perinephritis, the opposite kidney, examined 1 week to 4 months after operation, showed an increase above that of normal kidneys in the concentration of cytochrome c, of flavin-adenine dinucleotide, in nicotinamide-adenine dinucleotides (coenzymes I and II), and in the activity of cytochrome oxidase and succinic dehydrogenase systems per gram of tissue (on a dry and wet basis). This increase varied from 20 to 50 per cent, and was well above the average of normal kidneys of dogs of similar size and age, and for the most part roughly accorded with the severity and duration of hypertension.
A comparison between the opposite kidney of a dog with unilateral renal arterial constriction and the remaining kidney of a unilaterally nephrectomized dog showed differences in the rate of increase of activity of the respiratory biocatalysts. The metabolic changes developed much slower in the opposite kidney of dogs with unilateral renal arterial constriction.
Examination of the opposite kidney of hypertensive dogs with unilateral constriction of the renal artery or unilateral silk perinephritis, after the blood pressure fell, and in some cases returned almost to the normal level, showed a persistence of the increased activity of the respiratory enzymes.
DISCUSSION
It has been reported (Raska (1) ) that the oxygen consumption of kidney slices and the oxidative deamination of amino acids and amines of slices and of extracts of kidneys from hypertensive dogs were found markedly decreased as compared with kidneys from normal dogs. It was assumed that a decrease in the activities of the cytochrome-cytochrome oxidase systems occurs. This assumption is confirmed in the present paper. The kidneys from the hypertensive dogs showed a significant decrease in the concentration of cytochrome c, and in the activities of the cytochrome oxidase and the succinic dehydrogenase systems.
It will be shown in a succeeding paper that the rate of the oxidation of pyruvate, and the rate of ammonia formation from glutamine, the oxidative deamination of/-glutamate, as well as the phosphorylation of carbohydrates (aerobic phosphorylation) are markedly reduced in the kidney of the dogs made hypertensive by the clamping procedure or by the perinephritis method, as compared with the normal kidney of normal dogs.
The alteration of intrarenal hemodynamics which initiates renal hypertension may be a reduction of the blood flow through the kidney (Goldblatt (2)) or a reduction in the intra renal pulse pressure (Kohlstaedt and Page (16); Corcoran and Page (17) . Either may lead to a reduction in the eificiency of the renal blood circulation which would be accompanied by a reduction of the interstitial fluid circulation. This may bring about profound metabolic changes in the kidney by reducing the supply of electrolytes, substmtes, and other cell nutrients to the renal cells, and by decreasing the rate of the removal of metabolites and inhibitor substances. In renal hypertension an increased formation of proteolytic enzymes occurs in the kidney which in turn may partially inhibit the activities of some respiratory enzymes. The findings reported in this and in the previous paper (1) namely that the formation of ammonia from amines and amino acids is significantly reduced in the kidney of dogs which were made hypertensive by the clamping procedure of Goldblatt and associates or by Page's .cellophane or silk perinephritis method, indicate a disturbance of the regulation of the acid base balance in the kidney in renal hypertension. It thus appears that ample reasons exist for decreased formation and decreased activity of certain respiratory enzymes.
It is reasonable to assume that the alterations caused in the intmcellular metabolism by the reduced power of the oxidative mechanism lead to an increased formation and secretion of renin by the kidney in hypertension, and these alterations may thus be responsible for the appearance of the large amounts of renin and of angiotonin and angiotonin-llke substances in the renal venous blood of the hypertensive animal. By the same alteration of the oxidative mechanism in the kidney in renal hypertension other vasoconstrictor substances may also be produced or released (Raska (1)).
Since the oxidative enzymes are important for the inactivation of various vasoconstrictor substances, including angiotonin, a decreased activity of the oxidative mechanism not only of the kidney but also of the liver and blood may result in accumulation and prolonged circulation of vasoconstrictor substances which lead to persistent hypertension.
The fact that in dogs rendered hypertensive by unilateral partial constriction of the renal artery the increased concentration and activity of the respiratory enzymes persisted in the opposite kidney after the blood pressure fell and in some dogs returned to almost the normal level, indicates that after the unilateral clamping procedure the opposite kidney oxidizes to a greater extent and, by some means still undetermined, counteracts the rise in blood pressure.
From the results of the part of this study which deals with the determinations of the concentration and activity of respiratory enzymes in the excised normal kidney and in the remaining kidney of unilaterally nephrectomized dogs, it can be concluded that an increase in the concentration and in the activity of the respiratory enzymes preceded hypertrophy of the remaining kidney. This can be explained by the assumption that an increase in the concentration and in the activity of the respiratory biocatalysts acts as a stimulus for cell growth and multiplication.
The reduced oxidizing power of the kidney in renal hypertension can be caused not only by a deficiency of essential biocatalysts but also by the action of inhibitory substances including proteolytic enzymes.
Evidence for the presence of inhibitory substances in the kidneys of hypertensive dogs is seen in Table VI , which shows that extracts from kidneys of hypertensive dogs have an inhibitory effect on the cytochrome oxidase, the succinic dehydrogenase, and the amine oxidase systems.
As shown in Table VII , preparations containing renin exert an inhibitory effect on the cytochrome oxidase, the succinic dehydrogenase, the /-amino acid oxidase, and the amine oxidase systems. It must be pointed out however that pure renin has not yet been isolated, and that the renin solution used may contain other factors responsible for the inhibitor effect demonstrated.
Renin is present in high concentration in the normal kidney and it can be assumed that the normal kidney secretes renin in small amounts. In renal hypertension the rate of the secretion of renin is greatly increased. Page (18) , and Kohlstaedt and Page (19) reported the presence of large amounts of renin in the renal vein blood of the hypertensive animal. Accompanying the increased secretion of renin in hypertension there must occur a simultaneous increase in the rate of formation of renin. Like other proteolytic enzymes such as pepsin or trypsin, renin may have a precursor. Under the altered conditions existing in the kidney in renal hypertension the rate of formation of renin from its precursor may be increased.
Furthermore changes in the physicochemical state of the cellular membrane may lead to a greater permeability for renin, thereby increasing its rate of secretion.
The findings reported in this and a previous paper give evidence of a deranged intermediary metabolism in the kidney of dogs with renal hypertension. A biochemical characteristic of experimental renal hypertension and probably of renal hypertension in human beings, seems to be a functional derangement of the cells of the parenchyma followed by a readjustment of these cells involving changes in the metabolism of many substances. All these changes can occur without any visible histopathologicat manifestations detectable by the ordinary means. It is known that certain enzyme systems such as cytochrome oxidase, succinic dehydrogenase, amine oxidase, and l-and d-amino acid oxidase are associated with insoluble components of the cell. By the employment of special staining techniques it may be possible in the future to demonstrate pathological changes in these structures in the kidney in renal hypertension.
Since the clinical picture of essential hypertension in man is very similar to that of experimental renal hypertension in dogs, it seems justifiable to expect similar biochemical findings in human beings.
SUMMARY
These investigations are part of an attempt to study and interpret the intermediary metabolism of the kidneys in experimental renal hypertension. Hypertension was produced in dogs by the clamping procedure of Goldblatt and associates or by the silk perinephritis method of Page. Enzymatic studies were made by means of Warburg's manometric method. Cytochrome c was in addition determined spectrophotometrically. Tissue slices, homogenized tissue, and tissue extracts were used.
A study of the cytochrome c concentration and the activities of the cytochrome oxidase and succinic dehydrogenase systems of kidneys from normal dogs and dogs with experimental renal hypertension was made. It was found that the cytochrome c concentration and the activities of the cytochrome oxidase and succinic dehydrogenase systems were markedly lower in the kidney slices and in the tissue suspensions from hypertensive dogs.
Tissue suspensions and extracts of kidneys from hypertensive dogs showed an inhibitory effect on the activity of the cytochrome oxidase and succinic dehydrogenase, and the amine oxidase systems. Renin preparations also showed a marked inhibitory effect on the activities of cytochrome oxidase, succinic dehydrogenase,/-amino acid oxidase, and amine oxidase systems.
A significant increase was found in the kidney of dogs whose other kidney had been removed or subjected to Goldblatt's or Page's technique in the activities of the cytochrome-cytochrome oxidase system, the succinic dehydrogenase system, and in the concentration of nucleotide-bound phosphorus, of flavinadenine dinucleotide, and of the nicotinamide-adenine dinucleotides (coenzymes I and II). From the results of these studies it can be concluded that an increase in the concentration and activity of the respiratory enzymes precedes hypertrophy of the kidney. This can be explained by the assumption that an increase in the activity of the respiratory biocatalysts acts as a stimulus for cell growth and multiplication.
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